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ABSTRACT: The temporal patterns of larval abundance, recruitment and early mortality in the sea 
urchin Paracentrotus lividus (Lamarck) in the northwestern Mediterranean were studied by combining 
planktonic and benthic surveys. The abundance of planktonic stages was monitored by weekly plank- 
ton hauls from 1992 to 1996. The presence of juveniles was studied by collecting epibenthic samples at 
monthly intervals from 1992 to 1995. The size distribution of the same population was studied in 1993. 
A main recruitment episode in late spring-summer occurred every year, although small recruitment 
events had been observed in autumn and winter. Interannual variability in larval abundance and 
recruitment was high, both being most intense in 1992, when up to 33.47 larvae m'3 were recorded in 
plankton samples, and up to 23000 recruits (sea urchins <2 mm) m-' were found in the benthic sam- 
ples. We estimated that only about 12.7% of larvae (from the 8-armed stage onwards) survived the 
planktonic life, and that 0.5 to 0.7% of the settlers survived until they reached a diameter of 2 mm, 
while 0.040% of settlers survived the first year of benthic life and only 0.028% of settlers may attain 
reproductive size. The main bottlenecks in the dynamics of this species occurred, therefore, during the 
planktonic phase and the first year of benthic existence, particularly during the early post-settlement 
phase. The benthic samples provided a more robust depiction of events than planktonic data, which 
featured a higher variability. There was a significant relationship between the interannual variation in 
the late winter phytoplankton bloom and the spring peak of larvae of this species, indicating that 
changes in larval abundance are coherent with changes in planktonic primary production. There was 
also an exponential negative relationship between the abundance of larvae and abundance of recruits 
relative to larvae over the years studied, indicating density-dependent mortality rates in the planktonic 
and early benthic stages. Successful cohorts of this species can be traced to years with high larval abun- 
dance, which in turn are related to episodes of high planktonic primary production. 
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INTRODUCTION 

The recruitment of benthic invertebrates involves 3 
main steps: larval supply, settlement, and survival of 
juveniles (Cameron & Schroeter 1980, Harrold et al. 
1991), whose study poses distinct methodological 
problems. Larval distribution in the plankton is patchy 
and variable, both spatially and temporally (e.g. 
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Pedrotti & Fenaux 1992, Martin et al. 1997). The 
assessment of settlement is problematic because of the 
small size of juveniles and because rapid mortality 
before observation leads to underestimation (Harrold 
et al. 1991, Pearse & Cameron 1991, Ebert et al. 1994), 
rendering early mortality difficult to evaluate (Gosselin 
& Qian 1997, Hunt & Scheibling 1997). Yet. studies 
encompassing all 3 processes determining recruitment 
are necessary to identify bottlenecks (Hunt & Scheib- 
Ling 1997). Moreover, these studies must be necessarily 
interannual, because inferences on early population 
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dynamics based on a limited observational period may 
be misleading. In fact, echinoids are known to feature 
high interannual variation in recruitment, with excep- 
tionally strong episodes intermingled with years of 
poor recruitment (Ebert 1983, Pearse & Hines 1987), 
although the causes of this variation in cohort strength 
are poorly known. 

We report here the interannual patterns of recruit- 
ment and colonisation of Paracentrotus lividus (La- 
marck), the most abundant regular echinoid species in 
the shallow littoral of the northwestern Mediterranean 
(Turon et al. 1995b). P. lividus has an Atlanto-Mediter- 
ranean distribution, where it grows down to 80 m in 
depth, although it is most abundant with~n the top 20 m 
(Kempf 1962, Fenaux 1968). This species is one of the 
main herbivores in the sublittoral, able to regulate sea- 
weed biomass (Nedelec & Verlaque 1984, Verlaque 
1984, Palacin et al. 1998), and it is harvested for con- 
sumption of its roe. 

In spite of the ecological and commercial importance 
of Paracentrotus lividus, some aspects of its population 
dynamics are still poorly known (Lozano et al. 1995, 
Turon et al. 1995a, Sala & Zabala 1996), particularly so 
for its reproductive cycle, spawning and recruitment. 
Conflicting reports describe a recruitment episode in 
spring-summer (e.g. Azzolina 1988, Byrne 1990, 
Lozano et al. 1995, Spirlet et al. 1998) or 2 distinct peri- 
ods of recruitment (spring and autumn; cf. Fenaux 
1968, Crapp & Willis 1975, Verlaque 1984, Pedrotti 
1993). Contrasting reproductive periodicities have 
been described for different populations in the same 
geographic area (Guettaf 1997). This disparity is partly 
due to the use of different methods to study the repro- 
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ductive periodicities of this species (e.g. time course of 
gonadosomatic indices, cohort studies, gonad histol- 
ogy, plankton samples). There is also some confusion 
between decreases in gonad weight and spawning 
episodes, or between yearly number or spawning 
events and number of gametogenic cycles. 

The goals of this paper are (1) to provide a multiple- 
approach determination of the timing and intensity of 
recru~tment, as well as the early mortality, in this spe- 
cies, (2) to ascertain interannual variation in larval 
abundance and recruitment, and to assess the factors 
associated with this variation, and (3) to compare dif- 
ferent techniques used to estimate recruitment (plank- 
ton samples, benthic samples, cohort analyses). 

MATERIAL AND METHODS 

Fig. 1. Map of the study area show~ng sampl~ng sites 

The study was performed on the northeast coast of 
Spain (northwestern Mediterranean). Benthic samples 
were collected at Tossa de Mar (41" 43.2' N, 2" 56.4' E), 
while plankton samples were collected in the neigh- 
bouring Bay of Blanes (Fig. 1). The main littoral current 
in the area is parallel to the shore and directed south- 
wards. 

Plankton samples. The abundance of larvae in the 
plankton was estimated, in samples at approximately 
weekly intervals between 1992 and 1996. The samples 
were collected by oblique hauls from 10 to 0.5 m in 
depth made with a Juday-Bogorov net in a littoral zone 
in which the bottom was approximately at 15 m depth. 
The net had a pore size of 250 pm and a circular aper- 
ture 0.5 m in diameter. The net was trawled for 2 min 

at low speed (3 to 4 knots), and the volume of 
water filtered (usually about 100 m3 per haul) 
was recorded by a calibrated flow-meter. 
The plankton samples were fixed in formalin, 
and whole samples or an aliquot of them 
(depending on the abundance of zooplank- 
ton) were examined under a stereomicro- 
scope. The numbers of plutei, plutei with 
rudiment, and postlarvae (sensu Fenaux & 
Pedrotti 1988) of Paracentrotus lividus were 
recorded and transformed to abundance in 
ind. m-3. We also measured surface water 
temperature, and chlorophyll a and gross pri- 
mary production were measured as well 
(Agusti unpubl. data), using a fluorimeter 
and microwinkler determination of oxygen 
evolution, respectively (cf. Mura et al. 1996 
and Satta et al. 1996. respectively, for details 
on the methods). 

Identification of echinoid larvae in the 
plankton samples followed Pressoir (1959), 
Fenaux (1969) and Mortensen (1977). The 
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echinoplutei of Paracentrotus lividus are easily dis- 
cernible because the posterior end of the body is elon- 
gated and supported by club-shaped body rods. As 
development proceeds, however, the posterior part of 
the body rods degenerates and the body end widens. 
In intermediate stages, remnants of the distal extremes 
of the body rods can still be seen at the posterior tip of 
the body. At the stage of plutei with rudiment, pedicel- 
laria (normally 1 pair) develop on the rlght hand side of 
the body in many individuals, and then become posi- 
tioned on the aboral side of the postlarvae. 

Benthic samples. For the benthic study, we selected 
a vertical wall facing NW between 0 and 10 m in 
depth. This wall was wide (about 40 m) and physically 
uniform, with few crevices or places inaccessible for 
sampling. The wall was occupied by a photophilic 
assemblage of soft seaweeds dominated by Corallina 
elongata Ellis & Solander (in the first meters) and 
Haloptei-is scoparia (L.) Sauvageau, with a variety of 
other algal species, such as Dictyota dichotoma var. 
intricata (Agardh) Greville, Falckenbergia rufolanosa 
(Harvey) Schmidt and Padina pavonica (L.) (Thivy). 
Under these soft algae there was a layer of crustose 
coralline algae (Lithophyllum incrustans Philippi in the 
shallower zone and Mesophyllum ljchenoides Ellis 
[Lemoine] at depths of more than 4 m). Some inverte- 
brates, especially sponges such as Ircinia spp, and 
Crambe crambe (Schmidt), were also present. This 
place is believed to be a good habitat for sea urchin 
settlement and growth, as it combines abundant food 
sources (soft algae) with the hiding places (in small 
interstices and crevices of the crustose algae) favoured 
by young sea urchins (Kempf 1962, Verlaque 1984, 
Sala & Zabala 1996, authors' pers. obs.). 

Samples were obtained by delimiting 20 X 20 cm 
squares uslng an aluminium frame. The squares were 
placed haphazardly, but within selected depth levels 
(see below). All the organisms (including the basal 
layer of crustose algae) present within the squares 
were scraped off with the help of a hammer and chisel 
and placed in plastic bags underwater We were confi- 
dent that, with this method, losses of sea urchins dur- 
ing sampling would be minimal. Sampled areas re- 
main bare for some time after sampling, but due to the 
size of the wall, repeated sampling was possible with a 
negligible effect on the community. 

All samples were fixed in formalln and examined 
under the stereomicroscope. The number of sea urchin 
recruits (c2 mm in diameter) was recorded and their 
size was measured with a calibrated ocular lens. 

From June 1992 to July 1993, 3 samples were taken 
on this wall every 2 wk at 3, 6, and 9 m depth (1 sam- 
ple per depth level). In October and December 1993, 
3 further samples (1 at each depth) were taken per 
month. At this time, the first part of the study ended, 

and the preliminary results were reported as part of a 
study on the reproductive cycles of this species 
(Lozano et al. 1995). We then continued the monitoring 
by taking 3 replicate samples per month at each depth, 
totalling 9 samples per month. This second part of the 
study lasted from June 1994 to December 1995. The 
data set, therefore, extends over 4 recruitment seasons, 
corresponding to the years 1992 to 1995. The depth 
distributions of recruits and of the established sea 
urchins (i.e. specimens larger than 5 mm in diameter) 
were compared on the basis of a data set of sea urchin 
abundance on the same wall and at the same 3 depth 
levels during 1992-93 (Turon et al. 1995a). 

Calculations of mortality were based on data from 
the 1992 and 1995 recruitment events, which were the 
most intense recorded in our benthic samples and pro- 
vided the most precise estimates. Our analyses bene- 
fited from the time series of size-frequency distribu- 
tions performed during 1993 on the same wall as the 
recruitment study (Turon et al. 1995a), which allowed 
us to trace the time course of the 1992 cohort in the 
1993 samples. Cohorts were identified in these histo- 
grams through modal analysis using the Battacharya 
method (Battacharya 1963) with the ELEFAN program 
(ICLARM software; Pauly & David 1981), and skeletal 
ring counts were used to age the size-classes found 
(Turon et al. 1995a). 

RESULTS 

The highest larval abundances were observed in 
spring 1992 (Fig. 2). The highest monthly mean of 
plutei abundance was found in June 1992 (6.80 plutei 
m-3), when the highest abundance recorded in any one 
sample (33.47 plutei m-3) was observed. The very high 
variance of plutei densities found during June 1992 re- 
sulted from the fact that some samples were almost de- 
void of larvae, while most of the larvae observed were 
concentrated in one sample. In contrast, larval abun- 
dance was very low between 1993 and 1994, while dis- 
tinct spring peaks, although much lower than that in 
1992, were observed again in 1995 and 1996 (Fig. 2). 
Small numbers of plutei without rudiment were occa- 
sionally observed in autumn or winter (October 1993, 
January 1994, January 1995, January and February 
1996), indrcating small spawning events during these 
periods. Most of the plutei observed corresponded to 
late stages (8-armed plutei or plutei with rudiment); 
only in May-June 1992 was an appreciable n.umber of 
4- and 6-armed plutei observed. Closer examination of 
the spawning event of spring 1992 reveals a temporal 
overlap between forms: 4- and 6-armed plutei were 
found between 28 May and 1 June, when 8-armed 
plutei were already the most abundant form. Plutei 
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Fig. 2. Paracentrotus lividus. Abundance (monthly means) of the different planktonic stages in the plankton samples during the 
study period. Bars are standard errors 

with rudiment and postlarvae dominated in later sam- 
ples, from 4 June onwards (Fig. 3).  

The progressive reduction in the peak abundance of 
plutei, plutei with rudiment, and postlarvae observed 
in 1992, the year for which we recorded the highest 
number of larvae, allowed estimation of mortality rates 
of the planktonic phases. Fitting the equation N, = 

Noe-", where N, and No are abundance at time t and 
time 0, respectively, and Z is instantaneous mortality 
rate, yielded an estimated Z value of 0.34 d-' between 
the stages of plutei and of plutei with rudiment, and of 
0.10 d-' between the plutei and postlarvae stages. The 
corresponding finite survival rates were 25.6% be- 

40 
4 arms 6 arms 8 arms rudiment postlarvae 

28 May 1 June 4 June 8 June l l June 22 June 29 June 

Fig. 3. Paracentrotus liv~dus. Abundance of the diverse larval stages (4-, 6-, 
and 8-armed plutei, plutei with rudiment, and postlarvae) during the peak of 

larvae observed in May-June 1992 

tween plutei and plutei with rudiment and 12.7% 
between plutei and postlarvae. As most of the plutei 
recorded were already advanced (8-arms stage), these 
values underestimate to some unknown degree the 
total mortality during the planktonic life. Migration 
phenomena, as well as changes in the larval stocks due 
to alongshore currents, can also confound our mortality 
estimates (see 'Discussion'). 

Phytoplankton biomass also changed considerably 
both within and between years, showing little consis- 
tent seasonality, except for the occurrence of a late 
winter (late February to March) bloom every year 
(Fig. 4), which represents the main annual event (cf. 

Mura et al. 1996). There were other 
blooms occurring during the year 
although these did not occur consis- 
tently over the entire period (e.g. July 
1992, October 1994; Fig. 4 ) .  The magni- 
tude of the late winter phytoplankton 
bloom differed greatly among years, 
with that observed in 1992 being far 
greater than those in subsequent years, 
and moderately high blooms were 
observed again in 1995 and 1996 
(Fig. 4). These interannual differences 
mirror those observed for the abun- 
dance of planktonic stages of Paracen- 
trotus lividus (Fig. 2), suggesting that 
changes in these blooms influence the 
size of the larval pool. There is a clear 
relationship (r = 0.97, p 0.01) between 
gross primary production of the late 
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Flg. 4 .  Paracentrotus lividus. Chlorophyll a concentration in the plankton samples (smoothed by a moving average 3 points wide) 
and water temperature over the study period 

winter bloom and the maximum monthly larval abun- 
dance in spring over the years studied (Fig. 5). 

The average abundance of benthic recruits Cjuve- 
niles less than 2 mm in diameter) differed greatly dur- 
ing the study period (Fig. 6 ) .  The high larval abun- 
dance observed in 1992 was associated with the 
greatest recruitment to the benthos in the summer of 
that year. The number of recruits was higher in 1992 

and 1995 than in the intervening years, and was partic- 
ularly low in 1993. The highest abundance of recruits 
was observed in August 1992, averaging 7050 recruits 
m-2 (monthly mean), while the maximum abundance 
obtained in any one sample was 22 925 ind. m-2. 

A main recruitment event in late spring-summer was 
a consistent feature of the 4 years studied (Fig. 6). In 
fact, this recruitment episode occurred progressively 

Fig. 5. Paracentrotus lividus. Primary production of the late-winter planktonic bloom (integrated over the duration of this bloom 
for each year) and maximum monthly abundance of larvae (all planktonic stages pooled) in the plankton from 1992 to 1996. Inset: 

relationship between the variables 
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Fig. 6.  Pa racen t ro t~~s  livjdus. Abundance and mean diameter of recruits (monthly means at  all depths) over the study period. Bars 
are  standard errors The temporal sequence of monthly mean abundance of planktonic stages (plutei, plutel w t h  rudiment and 

postlarvae pooled) dunng  the same period IS added for comparison 

earlier during the study (July-August in 1992, June- 
July in 1993 and 1994, and May-June in 1995). Water 
temperature measurements taken at all sampling dates 
showed that there was also an  advancement in the 
spring temperature rise during these years ( e .g ,  a tem- 
perature of 20°C was reached by the end of July in 

0 10 1 .oo 10.00 

larval abundance 

Fig 7. Paracentrotus lividus Relationsh~p between maxlmum 
monthly larval abundance and  maximum monthly recrmt- 
ment intensity relative to larval abundance dunng  the years 

surveyed 

1992, and by the end of June In 1995). Scattered re- 
cruits were present in autumn and winter during the 4 
years, although there was no clear peak of recru~tment 
during these seasons comparable to those observed in 
spring-summer (Fig. 6).  The presence of planktonic 
stages preceded the arrival of recruits to the bottom. 
This temporal sequence was clearest (Fig 6) in the 
years (1992 and 1995) with high recruitment, which 
were also th.ose with high larval release and planktonic 
primary production. The maximum abundance of lar- 
vae in the plankton and peak recruitment intensity over 
the 4 years surveyed were positively associated, but the 
latter did not increase linearly with larval abundance, 
rather, there is a negative exponential relationship (r = 
0.98, p < 0.05) between peak larval abundance and 
amount of recrults relative to larvae (Fig. 7), Indicating 
that planktonic mortality (or postsettlement mortality 
prior to observation) may be density-dependent. 

The recruitment episodes were clearly reflected in 
the size structure of the juveniles (Fig. 8) .  Newly set- 
tled sea urchins had sizes 1 0 . 6  mm. The few juveniles 
observed in autumn-wlnter appeared to be mostly the 
result of the growth of the spring-summer recruits, 
although arrival of a small number of new recruits of 
the smallest size-classes was observed in October and 
December 1994 and October 1995 (Fig 8).  The size- 
frequency histograms corresponding to 1992-93 were 
already presented m Lozano et a1 (19951, and essen- 
tially the same results were found Although the mean 
size of the recrults can fluctuate due  to overlap of 



Lopez et  al.: Temporal patterns in Paracentrotus l iv~dus  245 

Fig. 8. Paracentrotus ljvjdus. Test diameter distributions of the recruits during the 1994 and 1995 recruitment episodes. All sam- 
ples for each month were pooled and the values of abundance refer to mean number of individuals per sample (400 cm2). Data 

are lacklng for Novembel- 1994 due to bad weather conditions 

cohorts and to small sample sizes (especially in winter), 
the 4 minima of recruit diameter observed during the 4 
years occurred at the beginning of each main recruit- 
ment period, with subsequent growth of settlers after- 
wards (Fig. 6). 

The mean number of recruits observed during the 
whole survey (averaging all months) increased with 
depth (Fig. g), although the differences were not statis- 

tically significant (ANOVA, p > 0.05). In contrast, the 
abundance of sea urchins (larger than 5 mm) recorded 
on the same wall during 1992-93 (Turon et  al. 1995a) 
decreased with depth (Fig. g),  and the differences 
among the 3 depth levels were significant (Tukey test, 
p < 0.01 in all pairwise comparisons). 

The early mortality of the settlers was estimated in 
1992 and 1995, when recruitment was strongest. We 



246 Mar Ecol Prog Ser 172: 239-251, 1998 

1000 15 140 - - 

14 

900 
120 -. 

13 
1992 

12 l00 - 
800 l 1  v 

l 
10 E n 801 

700 

E 
9 600 
2 
0 6 Z 

500 20 
5 g 
4 400 
3 60 - 1995 

300 2 
1 

45 - 
200 0 

U 
3rn  6 m  9 m  3 m  6 m  9 m  C .- 

C 30 - 
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sea urchin abundances from Turon et a1 (1995a). Bars are 
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constructed size-frequency histograms with all the diameter (mm) 

recruits measured during the recruitment of Fig. 10. Paracentrotus lividus, Abundances of recruits, 
1992 and 1995 (Fig. 10). Pooling the samples for all the grouped in intervals of 0.1 mm in diameter, during the recruit- 
recruitment period has the advantage that these histo- ment episodes of 1992 and 1995 

grams represent th.e changes in abundance with size of 
all the cohorts that have arrived during this period 
combined, and it is more precise than trying to follow a a fixed vertical transect on the same wall monitored 
single cohort in sequential histograms. From a size of during 1993 (Turon et al. 1995a). A mode of organisms 
0.6 mm onwards the abundance values decreased. An with 1 growth ring, thereby corresponding to the 1992 
exponential function (N, = Noe-zxd'am- ) was fitted to the recruits, was clearly discernible (separation coefficient 
decreasing abundance, yielding an estimate of the 4.42) for the first time in the histograms corresponding 
mortality rate (Z) associated with the size increments to October 1993 (Fig. 11). The Battacharya estimates 
for the stage comprised between sizes of 0.6 and 2 mm gave a mean size for this cohort of 12.03 mm in diame- 
in diameter. The 0.6 mm size is reasonably close to the ter (standard deviation = 0.944) and an abundance of 
settlement size, as the largest postlar- 
vae found in the plankton measured 

10 
over 0.4 mm (Grosjean et al. 1996 

9 1  October 93 
measured ca 0.5 mm for early post- 
metamorphs of this species). The mor- 
tality rate for the whole succession of 
sizes from 0.6 to 2 mm was 4.96 for I 

1992 and 5.23 for 1995. The corre- 
sponding finite survival rates for this 

l 

stage were 0.0069 in 1992 and 0.0053 1989 

in 1995. Hence, only 0.5 to 0.7% of 
the settlers survived, until they 

0 reached a size of 2 mm. From our his- 
tograms, we estimate that develop- 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 

ment to 2 mm takes 3 to 4 mo in this d~ameter (mm) 

population. 
Fig. 11. Paracentrotus lividus. S ~ z e  distribution (in percentages) of the sea urchin 

Further estimates of were 
specimens along a fixed transect (6 xl m) in October 1993. Cohorts cited in the 

derived from the monthly size-fre- text are indicated. Data and cohort identification obtained from Turon et al. 
quency histograms corresponding to (1995a) 
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Fig. 12. Paracentrotus lividus. Finite mortality rates estimated 
between the diverse stages of the life history considered. The 
horizontally stacked bars represent the time course of a cohort 
of plutei: the relative thicknesses of the bars equal the pro- 
portion of survivors at each stage (assuming that all postlar- 
vae settled successfully, and that the unknown recruitment of 

1989 was as intense as that of 19921 

2.83 ind. m-2. If we compare this peak with the peak of 
recruits (August 1992: 7050 ind. m-2) and assume that 
most of the settlement had occurred by this month (and 
that dispersal of newly settled juveniles is short-range, 
see 'Discussion'), then we conclude that the number of 
individuals must have been reduced by 0.9996. This 
indicates that only 0.040% of settlers reached a size of 
about 12 mm, corresponding to an instantaneous mor- 
tality rate of 0.019 d-' during this period (14 mo), which 
approximates the first year of benthic life. 

Sexual maturity is attained by Paracentrotus lividus 
in Tossa at sizes of about 35 mm (Lozano et al. 1995). 
There was a distinct mode in the October 1993 sample 
(separation index = 5.62), of individuals with 4 growth 
rings with a mean diameter of 35.34 mm (SD = 1.7) and 
an abundance of 1.98 ind. m-*, which correspond to the 
1989 cohort (Fig. 11). The large interannual variability 
in recruitment renders the estimation of mortality from 
settlement to sexual maturity difficult. However, we 
can assume that 1989 was a year of intense recruit- 
ment, as the mode of this cohort is larger than those of 
the 1990 and 1991 cohorts (which, in fact, were not 
even clearly discernible; Fig. 11). If we take the values 
of 1992 as representative of a high-recruitment year 
and apply them to the recruitment of 1989, then only 
0.028 % of settlers would have survived to reach sexual 
maturity (instantaneous mortality rate of 0.0054 d-l). 
Of course, this estimate is only tentative, survival 
might have been higher if the recruitment in 1989 was 
less intense than in 1992 or lower if the reverse was 

true. The combination of the mortality estimates for the 
different stages (Fig. 12) indicates that the highest 
mortality is concentrated in the planktonic life and in 
the first months of benthic life. 

DISCUSSION 

The results presented unambiguously indicate that 
the recruitment of Paracentrotus lividus occurs mostly 
between May and August, depending on the year, 
although minor recruitment episodes were also appar- 
ent in autumn and winter. The present controversy 
about the number of recruitment episodes probably 
derives from the fact that these smaller recruitments 
may be highly variable in intensity, both geographi- 
cally and temporally. Whenever they are sufficiently 
strong, they can lead to reports of bi- or even inulti- 
modal recruitment dynamics, while they can be easily 
overlooked when they are weak, resulting in an appar- 
ently unimodal pattern. The histological study of the 
gonads in the same zone during 1992-93 (Lozano et al. 
1995) showed that, after the main gamete release, the 
gonads can be quickly restored to maturity, and from 
the end of October some mature gametes are avail- 
able, thus allowing for partial releases. The statement 
by Lozano et al. (1995) that an autumnal spawning is 
not possible was a misinterpretation and needs to be 
revised. A recent histological study of this species in 
Brittany, France, has revealed a comparatively slower 
gametogenic pace, as gonads grew during autumn and 
winter and matured in spring (Spirlet et al. 1998). The 
main spawning period, however, occurred at about the 
same time in the Atlantic and the Mediterranean pop- 
ulation~ studied (spring-early summer; Lozano et al. 
1995, Spirlet et al. 1998). 

Most of the evidence points to a predominant role of 
temperature in the regulation of gametogenesis, repro- 
duction, and larval development in sea urchins (Coch- 
ran & Engelmann 1975, Ebert 1983, Hart & Scheibling 
1988, Fujisawa & Shigei 1990, Spirlet et al. 1998), 
although photoperiod seems important for some echi- 
noid species (Pearse et al. 1986, McClintock & Watts 
1990, but see Cochran & Engelmann 1975). However, 
the actual factors triggering the spawning episodes are 
not known with certainty. Photoperiod (Spirlet et al. 
1998), phytoplankton blooms (Himmelman 1975, Starr 
et al. 1990, 1993, Pedrotti 1993) or turbulence (Pedrotti 
1993) have been proposed as triggers of spawning. Our 
results suggest that the timing of reproduction may be 
controlled by temperature, as the progressive ad- 
vancement found at the onset of the main recruitment 
peak correlated with an  advancement in the spring 
temperature rise during these years. However, the 
magnitude of the recruitment events was independent 
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of temperature. Instead, the size of the peak larval 
abundance and, therefore, the recruitment to the ben- 
thos was linked to interannual differences in the mag- 
nitude of the late winter phytoplankton blooms and the 
associated primary production. The late winter bloom 
of phytoplankton, which is a recurrent feature of the 
NW Mediterranean littoral, has been shown to be fol- 
lowed by the release of larvae (Andreu & Duarte 1996) 
and subsequent recruitment to the benthos (Pinedo et 
al. 1996) of many groups of benthic invertebrates. This 
phytoplankton bloom, therefore, appears to be closely 
coupled to the reproductive output of benthic inverte- 
brates in the NW Mediterranean. The mechanism by 
which planktonic production and sea urchin larval 
abundances are linked, however, cannot be unam- 
biguously established at present. Some authors (Him- 
melman 1975, Starr et al. 1990) have found a direct 
coupling of invertebrate spawning with phytoplankton 
blooms. Such a direct effect is not possible in our case, 
since there is a 2 to 3 mo lag between the late winter 
phytoplankton peak and the period of high larval 
abundance. Pulses of phytoplankton may result in 
pulses of m.icrophytobenthos, resulting in an enhanced 
supply of carbon to the benthos (mainly in the form of 
diatom aggregates) during bloom periods. This may 
contribute to a good nutritional state of the sea urchins 
which can enhance reproduction. However, the time 
course of the gonadosomatic index in Paracentrotus 
lividus indicates that the main period of gonad build- 
ing is before the winter (Lozano et al. 1995), so it is not 
clear how a late winter process can influence substan- 
tially the reproductive output in the same year. 
Another explanation would be that sea urchins pro- 
duce offspring independently of the plankton produc- 
tion, but that survival of the young larvae is enhanced 
in the presence of abundant planktonic resources. This 
hypothesis requires that the size of the late winter 
phytoplankton bloom should also determine food 
availability at  the time when echinoid larvae appear. 
This may happen through regulation of the blooms of 
bacteria, nanoflagellates and ciliates, which peaked in 
the area after the phytoplankton blooms (Andreu & 

Duarte 1996, Vaque 1996), thereby providing abun- 
dant food items to sustain the survival and growth of 
the larvae in spring. The size of the bloom of rnicro- 
heterotrophs is related to the size of the phytoplankton 
bloom (Duarte et al. unpubl. results), thus providing an 
explanation for the interannual relationship found that 
bridges the temporal gap between phytoplankton and 
P. lividus larvae peaks. As we found mainly 8-armed 
p1.utei in our samples, it is likely that the size of the lar- 
val pool is established through differential mortality at 
earlier stages. Indeed, food limitation may be one of 
the main factors controlling recruitment success in 
invertebrates (Olson & Olson 1989), and Fenaux et al. 

(1994) have substantiated that food limitation for 
echinoderm larvae is possible in the northwestern 
Mediterranean. 

Although results derived from examination of plank- 
ton and benthic samples were coherent, they differed 
in precision and the sampling effort required. The dis- 
tribution of planktonic larvae was extremely patchy, 
which resulted in high intersample variability and 
short-term variability. The maximum in June 1992, for 
instance, was derlved from a single sampling event 
(June 1). Hence, even with weekly samples, the prob- 
ability of missing peaks of larval abundance is very 
high. The standard deviation of the number of plutei in 
the samples was almost twice the value of the mean in 
June 1992. In contrast, recruits were found in the ben- 
thic samples collected the following month (July 1992), 
and we obtained recruits in all samples and at all depth 
levels, the standard deviation of the abundance of 
recruits being one-half of the value of the mean. 
Hence, the elucidation of the recruitment dynamics 
from plankton samples requires a much greater sam- 
pling effort, and involves greater uncertainty, than that 
of benthic monitoring of recruitment. Benthic popula- 
tions record the 'history' of past events, which can be 
traced from the analysis of size distributions that yield 
estimates of the settling time and mortality rates. 

A main difficulty in the study of recruitment to the 
benthos is the need to resolve the small size (2 mm or 
less) of most benthic invertebrates at the early postset- 
tlement stages. Studies of the recruitment of sea 
urchins often consider specimens much larger (usually 
from 5 to 15 mm) than settlement sizes as recruits. 
Size-frequency distribution studies also neglect, in 
most cases, specimens <3 mm, as pointed out by 
Pearse & Cameron (1991), and are thus unreliable for 
assessing settlement. The estimation of the realized 
settlement is a cornerstone of the assessment of the rel- 
ative importance of postsettlement phenomena (Har- 
rold et al. 1991, Ebert et al. 1994). and usually requires 
high-frequency sampling (about daily; Gosselin & 

Qian 1997) to estimate mortality during the crucial first 
days or weeks. We should acknowledge that our 
biweekly or monthly sarnpllng frequency resulted in 
some uncertainty, although measuring juveniles and 
constructing size-frequency distnbutions did compen- 
sate in some way for this lack of accuracy. For instance, 
the juveniles observed in April and May 1995 could be 
identified as new settlers ( < l  mm in diameter), while 
we could ascertain that the juveniles observed in 
November 1995 were not recent settlers ( > l  mm in 
diameter), but the result of the growth of previously 
arrived individuals. 

Another requirement for the validity of the benthic 
studies is that the range of movement of the juveniles 
should be restricted. To our knowledge, no study has 
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addressed this point in sea urchins. Although the 
range of movement of the adults of this species is short 
(about 50 cm around the shelter; Dance 1987), several 
works have demonstrated considerable dispersal capa- 
bilities in juvenile invertebrates with limited dispersal 
as adults (Martel & Chia 1991, Armonies 1994, 1996). 
However, these instances refer mostly to some bivalves 
and gastropods, for which mechanisms (byssus drift- 
ing, muco'us thread drifting) have been described that 
allow the juveniles to enter the water column. In the 
many studies on echinoderin recruitment (reviewed in 
Strathmann 1978) no such mechanism has been 
reported for this group. Moreover, in a recent survey of 
the events taking place during the settlement of Para- 
centrotus lividus (Gosselin & Jangoux 1998), no refer- 
ence is made to any ability of metamorphic sea urchins 
to re-enter the water column. Of course, displacements 
due  to water movement cannot be ruled out, but the 
presence of a n  algal canopy and the fact that juvenile 
sea urchins usually occupy sheltered places such as 
small crevices in coralline algae make us reasonably 
confident that the juveniles are not brought away by 
currents or wave action and that our present estimates 
are  reliable. 

Our results identify the larval period, and the first 
year of benthic existence, especially the early postset- 
tlement period, as the key bottlenecks for the success 
of a cohort. Pedrotti & Fenaux (1992) found that post- 
larval stages of Paracentrotus lividus accounted for 
1 . 2 %  of the 4-armed larval stages observed in the 
plankton of Villefranche-Sur-Mer (France), and attrib- 
uted this decrease to mortality and dispersion. Natural 
survival rates for plutei of Strongylocentrotus spp. 
ranging from ca 5 to ca 35 "/o have been reported (Kum- 
rill 1990). Postlarvae represented about 12.7% of the 
pluteus stages in Blanes Bay, although we were not 
able to trace larval cohorts from the 4-arm stage, so the 
total mortality during the planktonic life (between 20 d 
and 1 mo; Fenaux et al. 1985, Pedrotti 1993) may be 
well above this figure. It should be  noted that our study 
did not allow us to separate mortality from other pro- 
cesses, such as dispersion of larvae or arrival of new 
larval stocks to the study area. Monitoring of larval 
cohorts in the plankton offers the most direct evidence 
for natural mortality but, unavoidably (except if some 
marker can be used), there is a lack of confidence that 
larvae were sampled from a continuous population 
(Rumrill 1990), and interpretation of the estimates 
requires some caution. In addition, our results indicate 
that mortality in the plankton is density-dependent in 
this species. A 100-fold reduction in recruits during the 
settlement and postsettlement period appears to be 
common in invertebrates (Thorson 1966, Rumrill 1990). 
This is consistent with our finding that only 0.5 to 0.7 % 
of settlers reached a size of 2 mm (in about 3 to 4 mo of 

benthic existence), indicating that the juvenile mortal- 
ity in this species may be  even higher than the mortal- 
ity during the planktonic period. 

Early postsettlement processes appear to be  a t  least 
a s  important as larval processes in determining the dis- 
tribution and abundance of Paracentrotus lividus 
adults, which may be a common pattern among inver- 
tebrates (cf. Gosselin & Qian 1997). Mortality is still 
high afterwards, with ca 0.04% of settlers reaching 
d~anleters of about 12 mm after some 14 mo, indicating 
survival rates of around 10% between 2 and 12 mm. In 
laboratory experiments, juvenile P. lividus fed ad  libi- 
turn grew somewhat faster (size of 17 mm after 12 mo; 
Grosjean et  al. 1996), but growth is probably slower in 
natural conditions. In fact, Cellario & Fenaux (1990) 
found marked growth differences in this species, 
depending on culture conditions. Recruitment sensu 
Hunt & Scheibling (1997), i.e. the addition of new indi- 
viduals to the breeding population, may be  achieved 
by only ca 0.028% of the settlers. Thus, mortality 
appeared to be  much lower after the first year (more 
than 40% survival between 12 mm and reproductive 
size). The depth-dependent differences in adult abun- 
dance observed are clearly a postsettlement phenome- 
non, although w e  are  .unable at present to isolate dif- 
ferential mortality from migration a s  the structuring 
force. 

In conclusion, the data obtained for Paracentrotus 
lividus suggest that the timing of reproduction is influ- 
enced by temperature, but that the size of the larval 
pool is related to planktonic primary production. There 
is a positive relationship between variations in phyto- 
plankton, larval abundance and recruitment over the 
study period. Hence, the population dynamics of this 
species appears to be linked to year-to-year variations 
in reproductive success, which lead to strong or weak 
larval cohorts. Our data did not allow us to determine 
whether the size of the larval pool studied (composed 
mainly of 8-armed plutei and more advanced stages) is 
set by differential reproductive output or by differen- 
tial mortality between the 4- and 8-armed pluteus 
stage, although w e  argue that the latter seems more 
likely. The study of interannual differences in repro- 
ductive investment and fertilisation success deserves 
more attention. Once this larval pool is set, the main 
bottlenecks for the success of any cohort appear to be 
the planktonic period and the first year of benthic life, 
particularly the early postsettlement phase. 
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